These enable the investigation of charge migration in both longitudinal and transverse configurations and stimulate theoretical interpretation.
The development of adequate minimal and modular models (e.g., tight-binding) 8Ϫ10 of complex biomolecules is of great importance for the purpose of interpreting transport and spectroscopy experiments. On one hand, first-principle methods are desirable because of their parameter-free character. However, they are computationally very cumbersome and their application is limited to few hundreds of atoms. 7,11Ϫ13 This small accessible system size prevents the simulation of real experimental conditions and only inherent portions of the molecules can be treated. On the other hand, minimal models for DNA offer an alternative complementary approach and may take into account various extrinsic features in order to access directly the measured quantities. For example, they can give the currentϪvoltage (IϪV) curves instead of the bare electronic spectrum. Minimal models can also get closer to the measurement setup, 8,10,14Ϫ17 by including for example, the presence of the measurement instrument, the application of a voltage, the existence of the molecule/substrate and molecule/tip contacts that are not exactly controlled, etc.
This enormous advantage is somehow mitigated by the need for choosing the parameters of the model and by the reduced complexity of the simulated matter, which is not always represented at the atomistic level but sometimes by chosen effective components (e.g., each nucleobase of DNA 8 or each residue of a protein is usually seen as a single site of the model, and metal electrodes are represented by a jellium background). The needed model parameters are usually fixed with the aid of first-principle calculations or of experimental data, thus inserting assumptions on the system.
Despite the different simplification levels and their limitations, effective models and first-principle calculations reinforce each other in a combined multiscale approach that may yield the ultimate understanding of experimental results. We recently reported STM spectroscopy measurements on single poly(dG)-poly(dC) DNA molecules and our interpretation of the results in terms of the electronic density of states (DOS) of a single molecule computed from first principles. 7 The main message of our previous investigations is the identification of measured conductance peaks in terms of electronic levels of the bases: the projected DOS allowed us to assign selected peaks to either guanine or cytosine, and comment on the role of the backbone and counterions. Here we go beyond this basic level of interpretation that was founded on only the intrinsic ground-state DOS, but with a simplified method. We take into account nonequilibrium effects in the current, induced by the application of a finite bias voltage, and the presence of a double tunnel junction with moleculeϪmetal contacts possibly variable along the length of the molecule. Our theoretical approach is based on the effective Hamiltonian tight-binding model of DNA, 8, 18 combined with parameters derived from first-principle calculations. 18 With the powerful technique of nonequilibrium Green functions, we are able to describe electron transport at finite voltage. Our results show that the orientation of the base pairs on the substrate, as well as the strength of the DNA-metal coupling, modulate the conductance peaks by affecting the peak-energy, the peak-width, and the peak-intensity.
The schematic picture of a scanning tunneling spectroscopy experiment 7, 19, 20 is shown in Figure 1a . The spectroscopy was performed in a double barrier tunnel junction configuration as in Figure 1a . In Figure 2a we show a typical image of one of the molecules. In Figure 2b we present a typical IϪV curve, and in Figure 2c we show a derived conductance curve. Among the plethora of conductance curves that we measured, there is some variability of peak positions and intensities, but generally we observe an energy gap of ϳ2.5 V and a similar peak structure around the gap. The typical currentϪvoltage curve (Figure 2b ) has steps in conjunction with the conductance peaks, corresponding to the "activation" of electronic energy levels. The typical conductance curve (Figure 2c ) is composed of two separate groups of discrete peaks, at negative and positive voltage, separated by an energy gap.
On the basis of the experimental IϪV curves we can formulate the following main features that call for further theoretical interpretation.
(i) The maxima of the conductance peaks (electronic levels) occur at approximately the same energies in all measurements. This evidence suggests that the effective electronic states participating in tunneling are intrinsic states of the DNA, slightly modified by the external electric field applied between the tip and the substrate, by the specific substrate-contact nature and by the specific molecule orientation with respect to the substrate. We use this information as a justification of our model presented below and for the analysis of different coupling conditions.
(ii) The magnitude of the conductance peaks can be quite different in different measurements. Also some IϪV curves are more symmetric, while other curves are very asymmetric. One possible interpretation of this property is that the tunneling coupling of the DNA electron states to the tip and the substrate depends strongly on the position and orientation of the base www.acsnano.org pair (see Figure 1b) , as well as on the resistance at the substrate and tip junctions.
(iii) The shape of the conductance peaks is complex. First of all, there is some correlation between the height of the conductance peaks and the width of the current steps, which can be explained by stronger dissipation when the energy level involved in charge transport is closer to the substrate. Second, although the energy gap is always well-defined and there are no indications of pseudogap conductance that could be explained by the effect of vibrations, 21 the broad observed peaks could be alternative signatures of the electron-vibron interaction. In fact, it was recently shown that the effect of vibrational excitations is consistent with the existence of a zero-current gap. 22 To explain the main experimental features described above, one needs to take into account effects of the measurement setup that are not treatable by an ab initio approach. 7, 28 We propose a simple tight-binding model of a poly(dG)-poly(dC) DNA following the ideas of Cuniberti et al. 8 and Mehrez and Anantram. 18 The parameters of the model are extracted from DFT calculations, 7, 18 and adjusted to roughly reproduce the experimental gap and the energies of the peak maxima: hence, the value of the gap is not a theoretical prediction but an empirical parameter in the model. This is not a serious limitation and is due to a well-known shortcoming of DFT for the estimation of the fundamental gap. 7 Once this property is fixed, level shifts and widths can be interpreted in terms of geometrical conditions and electrode couplings. Strictly quantitative comparisons are hindered by the lack of knowledge of the DNA experimental structure in the measurement conditions. However, we think that theoretical interpretation of physicochemical mechanisms that induce variations in the measured curves help clarifying to which extent the experimental conductance peaks can be associated with the molecular energy levels. In this respect, the present results corroborate and complement the ab initio results. The essential new feature in our treatment is the explicit account for a variable orientation of a base pair between the tip and the substrate, which reflects the double-stranded arrangement of the DNA. In addition, the introduction of the nonequilibrium Green's function formalism gives access to finitevoltage effects.
The results of ab initio modeling 18 show that effective electronic states are localized mainly on the corresponding G or C bases of a pair that are only weakly overlapped upon stacking. 23 It should be noted, that in the ordered DNA structure, there are strong H-bonds between bases, which can be systematically assessed by high-level quantum chemistry, see for example ref 24. In the case of a strong coupling, it may be physically incorrect to consider separate bases as independent sites of the tight-binding Hamiltonian, with their own energies (ionization potentials). But the DNA molecule experimentally studied in the present work is most probably severely disordered, owing to deforming surface forces and reduced DNA hydration in vacuum, so that the model of almost independent bases can be used. Following this picture we base our minimal model calculations on the approximate HOMOϪLUMO levels presented in Figure 1c .
A critical question for the implementation of our model is the definition of the Fermi-level of the leads relative to the molecular energy levels. The energies of electrons in Figure 1c are shown for isolated DNA bases relative to the vacuum, 18 where the Fermi-level of gold (thin dashed line) falls between the HOMO and HOMO-1 levels of the G base. However, in contact with a substrate a DNA molecule is slightly charged and consequently all the levels are shifted down in energy, so that the Fermi-level is actually in the gap between the HOMO and the LUMO (thick dashed line). Such a position of the Fermi-level is consistent with the experiments that find ramping of the current for both positive and negative voltages.
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The magnitude of the current steps is determined by the orientation of the base pairs between the substrate and the tip (Figure 1b) and by the coupling of the DNA molecule with both the tip and the substrate. (Figure 1b) . Because of the exponential dependence of the tunneling matrix elements, the current is very sensitive to the value of the angle .
Note that the charge distribution for a given electron state can be quite complex and should be determined from an ab initio calculation of molecular orbitals. In our modeling framework an electron is localized in a spherical region around one of the bases, with a radius of several Å. We considered explicitly only a single base pair assuming that it is locally sampled by the STM tip. 25 Now let us present some results of our calculations. ence of conductance peaks and qualitatively the energy separations between consecutive peaks. If one allows for an asymmetric coupling to the tip (Figure 3b ) by shifting the position of the tip relative to the center of the base-pair, then the symmetry of the currentϪvoltage curve is broken, which is the case for most measured curves, as shown in Figure 2 and more extensively elsewhere. 7 Note that the level broadening is defined mainly by the coupling to the substrate, while the current is proportional to the tip-molecule coupling. The IϪV curve in Figure 3c represents a case with the tip located again symmetrically on top of the flat base-pair, but with a stronger coupling of the base pair to the substrate than to the tip: an overall symmetric shape is recovered, but with broader peaks than in the symmetric case. The theoretical curve in Figure 3d illustrates the effect of base pair rotation. The strong asymmetry obtained in this case has its origin in the position dependence of the tunneling matrix elements. The peaks at Ϫ2.5, Ϫ1.5, and 3.5 V are now broader than in the reference flat configuration, and the corresponding current steps are smaller, because the involved electron states are close to the substrate and far from the tip, while the other peaks at Ϫ3.5, 1.5, and 2.5 V are narrower and the contribution of the corresponding electron states to the current is larger. Variations of the peak broadening and relative intensities are evident in the experimental curves, and our simulations demonstrate that the molecular orientation and the coupling strengths of the DNA to the substrate and to the tip are viable origins of such observations. Although other effects cannot be excluded, the geometrical changes explored here shed some light on the IϪV curve variability.
On the basis of the ingredients that are put into the model, in particular of the energy spectra of the G and C bases, we suggest that the main experimental features below the fundamental excitation gap, namely, the conductance peaks at Ϫ2.5 and Ϫ1.5 V, are determined by the HOMO-1 and HOMO (highest occupied molecular orbitals) levels of guanine. As to the experimental peaks revealed above the fundamental gap, we resolve in our basic model only those ascribed to the bases, because that is how we constructed the model. In this limit, we can say that the peaks above the excitation gap do not see any contribution from guanine. The first two positive-voltage peaks in our theoretical curves are due to the LUMO and LU-MOϩ1 (lowest unoccupied molecular orbitals) C-base levels, but in principle we cannot exclude that other structural components play a role to determine the details of the unoccupied states probed at positive voltages. 7 Higher G and C levels are hybridized and therefore we cannot perform a fine analysis of the peaks at voltages below Ϫ2.5 and above 2.5 V. The attribution of the peaks to the character of molecular orbitals is in line with the ab initio analysis presented so far. 7 Summarizing, we see that our minimal model satisfactorily describes the main experimental features.
(i) The positions of the conductance peaks (energy levels) are reproduced by a tight-binding model that makes use of molecular energy levels of guanine and cytosine, computed from first principles and adjusted to match the experimental data. The advantage of this empirical approach is that the additional shift in the external electric field and splitting can be described, thus adding information with respect to the bare density of states. 7 It is essential, however, that the Fermi-level falls within the HOMOϪLUMO gap, and that the applied voltage drops between a DNA and a tip, while the potential of the DNA is not changed.
(ii) The magnitude of the conductance peaks is strongly dependent on the position (orientation) of the base pair under the tip. Using this variability, approximately symmetric as well as strongly asymmetric IϪV curves are reproduced. A finer analysis of the theoretical data shows that the height of the current steps is determined by the distance of the electron state to the tip, and the width of the conductance peak is determined by the distance to the substrate. In the experiment these are incorporated into the resistances and capacitances of the molecule-tip and moleculeϪsubstrate junctions. www.acsnano.org (iii) The shape of the conductance peaks is partially described by the coupling to the substrate. The vibrational effects can explain the inhomogeneous broadening observed in the experiments, but the details of such effects are left to forthcoming studies. The width of the peaks is also affected by the occurrence of level splitting due to stacking interactions; in fact, each level of an isolated base gives origin to a multiplet of levels in the double-stranded form. 7 Additional experiments can be performed to verify and improve the theory. For instance, the dependence of the conductance curves on the temperature and on the tip position, as well as the statistics of the current step height and width, could be analyzed.
From a theoretical point of view, various refinements of the model are possible if more sophisticated ab initio results become available. More realistic tight-binding models can include backbone and counterion electronic states: this is beyond the possibilities of the current study because ab initio data of hopping parameters for complete DNA structures have not been reported, due to computational burden. In addition, it is important to take into account more realistic geometries of the DNA-to-tip coupling at least at some orientations of the base pairs. Vibrational and charging effects can also be important. Low-frequency vibrations of DNA with the energies of the order of 0.1 eV can substantially change the shape of the conductance peaks.
Owing to a growing number of investigations, related to the problem of electronic structure and electronic transport in DNA, we suppose that the simple semiempirical model suggested in this paper will be important for understanding and interpreting the experimental data.
METHODS

Measurements.
Our STM measurements of transverse currentϪvoltage curves of homogeneous poly(dG)-poly(dC) DNA reveal the existence of electronic "bands" and of an excitation gap around the Fermi level. 7 Briefly, in this experiment we deposited single, ϳ1.2 m long, homogeneous poly(dG)-poly(dC) molecules on a flame annealed gold substrate. 19, 20 The molecules were imaged and measured with our lowtemperature Omicrometer LT-STM system at room temperature and at 78 K in ultrahigh-vacuum conditions at 5 ϫ 10 Ϫ11 mbar. This pressure was maintained in the chamber and the sample was inserted in the chamber immediately after deposition or after imaging with an atomic force microscope. In this UHV condition the molecules probably retain a thin solvation shell, which is supposed to be quite different from the solution environment, with likely consequences on the DNA. 26, 27 All the reported measurements were carried out under the same tunnel junction parameters (current set point of 20Ϫ50 pA and bias voltage of 2.8 V). The specific measured part of the DNA molecule was topographically scanned before and after IϪV measurement, verifying if it remained intact and that the STM position was unchanged.
Theoretical Modeling. We use a simple tight-binding model of a poly(dG)-poly(dC) DNA following the ideas of Cuniberti et al. 8 and Mehrez and Anantram. 18 To calculate the current between an STM tip and a molecule or between a substrate and a molecule we use the wellknown expression where the distribution function f ␣ () of the electrons at level ␣ is defined by the expression and the density of states ␣ () is where ␣ are the energies of molecular orbitals, ⌫ T␣ , ⌫ S␣ are couplings of the molecular orbitals to the tip and the substrate, and V T and V S are the voltages applied to the tip and substrate. 
